hemostasis and thrombosis occurs more readily when the vWF is elongated. In fact, adjusting levels of shear rate is a biological self-regulatory mechanism to control activity of the protein.
The conformational dynamics of polymers suspended in viscous shear flow have been extensively studied over the past 60 years [1] [2] [3] [4] [5] . Polymers are often modeled as a chain of beads where neighboring beads are connected by a spring-like link. The equilibrium state in quiescent viscous fluid is a globular 'collapsed' state. Under shear stress the globular state loses stability and elongates at a critical flow parameter, depending on the nature of the flow. In simple shear flow, where there is a combination of extension/compression and rotation, the polymer undergoes complex conformational dynamics. The time-averaged extensional length increases with shear rate until at high shear where it reaches one-half of the contour length, on average [1] . In extensional flow, the polymer elongates due to continuous extension. The distortion of polymer coils from an equilibrium globular state to an elongated state and the average orientation have been measured by light scattering method under various flow conditions [6, 7] .
The conformational change of biopolymers in flow is of great importance, as it relates to the functionality of polymer molecules like DNA and von Willebrand factor (vWF).
Studies of the shear-induced behavior of DNA [8, 9] and vWF molecules [10] [11] [12] [13] in bulk fluid show that these biopolymers oscillate under shear, exhibiting periodic elongation, relaxation and tumbling behavior. In the case of vWF, while in globular shape, most of the reactive domains are masked inside the globule, unavailable to interact or bind with other molecules. However, when in large enough shear or elongational flow, vWF unfolds and exposes binding domains. For example, interaction of platelet receptors (GPIba) to the binding domain (A1) on the vWF monomer in hemostasis and thrombosis occurs more readily when the vWF is elongated. In fact, adjusting levels of shear rate is a biological self-regulatory mechanism to control activity of the protein.
It is common to model polymers by beads attached by a spring [9, [14] [15] [16] . For the case of vWF, each bead represents a dimer. Several studies of the conformation of model-vWF and actual vWF in shear flow show that the model can effectively capture the deformation of the vWF based on the flow environment [10, 11, 17] .
Surface charge is an important feature in the interaction of biopolymers with cells. The interaction between vWF and platelets in hemostasis or thrombosis is based on opposite electrostatic surface charge of the A1 (+) domain of the vWF and the platelet GPIba (-) receptor [18] . It is shown that by introducing negatively charged nanoparticles (CNP), the time scale for experimental thrombosis will vary significantly [19] .
This effect is attributed to the interaction of the CNP with the positive A1 domain of vWF. In the model-vWF, it is assumed that the whole dimer (i.e., each bead) has a net positive pointcharge equal to twice the potential of the A1 domain, since there are two A1 domains in a dimer [20] .
The critical (or threshold) shear rate, However, none of these models have included the electrostatic charge of the A1 domain. In this study, we explore the effect of CNP interaction with model-vWF. In particular, we show that there exists a unique scaling for the critical shear rate depending on charge strength of CNP and size of the polymer.
We first present the mathematical details of the model-vWF.
To establish confidence in the model, the results are compared with available experimental data for the characteristic time scale for model-vWF relaxation in quiescent fluid and critical shear rate for vWF elongation [21, 22] . We then include the surface charge (-) for the CNP and (+) for the model-vWF beads. The effect of the CNP on the conformational dynamics of the model-vWF and the modification of the scaling parameters will be presented.
Model-vWF
It is common to model polymers as beads attached with spring-like potential. The interaction of beads in a polymer depend on the Van der Waals and electrostatic forces.
The size of a dimer, the repeating unit in vWF chain, is estimated to be 80 nm in length [23] . Typical vWF multimers consist of 30 -125 dimers [20] . The CNP of interest in our study has a diameter of 80 nm. The Brownian force has zero mean, and satisfies the fluctuation-dissipation theorem [24, 25] : 
where is the spring constant, and R 0 denotes the maximum bond extension. Here, = 50 / patches has zeta potential of +150 to +250 mV [27, 28] ).
Hence, we estimate Coulomb potential between two particles by:
where ij r is the distance between two particles i and j.
Van der Waal interactions, including dispersion, repulsion, and induction, are commonly considered as consisting of the all the interactions between atoms or molecules that are not covered by the electrostatic interaction [29] . The most common form used to model van der Waals interactions is the Lennard-Jones (LJ) potential:
where σ determines the depth of the potential depending on channel [11] and BD simulations [10] show that the vWF remains globular up to a critical shear rate of ~5000 s -1 .
The LJ potential acts between all beads in the polymer chain and nanoparticles. At extremely short distance, the 12 th power term in LJ potential will dominate any other potentials.
This repulsive force accounts for the volume-exclusion effect.
Results vWF under high shear
During a typical periodic cycle without CNP, thermal fluctuation turns a polymer orientation angle θ to negative (θ = - , where  is a small positive number) and begins to collapse (Fig 1.1) . The collapse along with the rotation process further decreases the orientation angle (θ << 0, Fig 1.2) and increases the vertical distance between the top and bottom of the polymer. The increase in vertical dimension accelerates the collapse. The acceleration reaches maximum at the globular shape when the vertical dimension reaches maximum.
Since the cohesive force cannot overcome the shear force above the threshold shear rate, the globular shape cannot persist. After the transition of θ from negative to positive (from -π/2 to π/2, Fig 1. 3) as it tumbles, the polymer elongates as θ decreases from θ >> 0 (Fig 1.4) to θ = + (Fig 1.5) . When We set the number of CNP to total beads in vWF to be 2:
1 in order to allow an abundance of CNP available to interact with vWF across all simulation cases, and to ensure that a CNP-vWF composite is formed at coiled equilibrium state.
An example of the composite is shown in Fig 3 for For a vWF of given size under constant shear rate (fixed vWF N and  ), the critical zeta potential is found by the method described here. CNP charge is initially set to zero (  = 0 mV). Subsequently, the charge assigned to CNP is increased in a stepwise fashion from 0 mV to 48 mV, with 1 mV increments. Each time  takes a new higher magnitude, at this pair of  and , we expect the CNP-vWF system to reach a new dynamic equilibrium state; and that the asymptotic time-averaged normalized vWF length, * l , tends to decrease due to the greater CNP effect. The charge density of CNP is increased by increasing  value to a point where periodic oscillation behavior of the polymer (e.g. , Fig 1) ceases, and the polymer rolls back to a stable globular shape. Below a critical charge magnitude, vWF still oscillates and can be elongated under shear (Fig 3(a) ). Above the critical charge *  (Fig 3(b) ), a stable globular CNP-vWF composite is observed after initial transient period (t/τ = 0 ~ 50).
Continuing to add charge to the CNP will keep the globular CNP-vWF composite stable under the same flow condition (Fig 3(c) ). Quantitatively, we can define (Fig   4(a) ) and 30 mV (Fig 4(b) ). Beyond 30 mV, when  is further elevated, the CNP-vWF composite remains in the coiled, globular shape (Fig 4(c) At the final coiled equilibrium state, the resulting composite consists of both vWF and CNP (Fig 3) . The (Fig 8) .
Thus, a scaling relation is derived with regards to a critical equilibrium state, as 
